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A BSTRACT
Seetharam a, N „  Sachan, R .C ., H uda, A .K .S., G ill, K .S., R ao. K .N ., Bidinger, F.R. and R eddy, D .M ., 
1991. Effect o f  pattern and severity o f  m oisture-deficit stress on  stalk-rot incidence in sorghum . II. 
Effect o f  sou rce/sin k  relationships. F ie ld  Crops lies., 26: 3 5 5 -3 7 4 .
Sialk-rot o f  grain sorghum  [S o rg h u m  b icolor  (L .)  M oen ch ] is m ost com m on ly  associated with  
weakly parasitic root and stalk-rot fungi when the host plants are subjected to environm ental stresses. 
T he incidence o f  rots is generally m ore in high-grain-yield en vironm ents associated  w ith  high plant 
density or fertilizer application. T he effects o f  lim e  o f  occurrence and degree o f  m oisture d eficit stress 
(m oisture stress) on grain and b iom ass yields, and the natural incidence o f  stalk-rots were studied.
Stress during grain-filling had a greater cffcct on  incidence o f  rots than stress at earlier stages. Grain- 
yield  and d isease incidence were differently affected by tim ing and severity o f  m oisture stress. Stalk- 
rot incidence was m ost com m only  and strongly associated w ith  m oisture stress at the term inal stage 
o f  growth. H ow ever, stress during panicle d evelopm ent induced changes in the sink size (grain num ­
ber) or root-growth pattern, which in turn influenced both the lim in g  and extent o f  stalk-rot inci­
dence. T he am ount o f  b iom ass produced during the later part o f  the grain-filling period was positively  
correlated with low er d isease susceptibility. T he distribution index ( i.e .. the ratio o f  grain-yield to 
biom ass produced after flow ering) could  be generally used to predict d isease susceptibility. There 
were no sim ple correlations betw een b iom ass, grain-yield or y ield  com ponents, and stalk-rot.
Im plications o f  these findings for sorghum  production and for stalk-rot resistance screening are 
discussed.
IN T R O D U C T IO N
Sorghum {Sorghum bicolor (L .) M oench) grown in stress-free environ­
m ents is quite healthy at physiological m aturity, with 4 -8  green leaves and
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solid stalks. Abiotic stress factors, especially during the grain-filling period 
(growth stage 3 or G S 3) cause prem ature leaf and stalk senescence. Moisture 
( defic it) stress in particular predisposes sorghum to invasion by one or more 
species o f nonaggressive, facultatively parasitic fungi tha t attack senescing 
tissue (D odd, 1980), resulting in lodging. The causes o f prem ature senes­
cence and lodging are not well understood. Some workers (Chamberlin, 1978) 
believe that carbon shortage, especially in the stem  under m oisture stress dur­
ing rapid grain-filling, causes physiological breakdown o f  the stem tissue and 
lodging. Others a ttribu te  a  m ore active role to the pathogens causing stem 
death in adverse environm ents (Anonym ous, 1980; Frederiksen, 1986). It is 
now well established tha t several fungi which cause stalk-rot do exist in the 
roots and stalks o f  plants from  the tim e the stem begins to  elongate during 
sorghum growth, but infest heavily only after senescence sets in during GS3 
(S. Pande, ICRISAT Center, personal com m unication, 1989). Since both 
physiological stress and significant colonization o f stalks by root and stalk- 
ro t fungi are associated with abiotic stress factors (Pande, 1986), a common 
basis for disease developm ent based on host/parasite /env ironm en t interac­
tions needs to  be explored (Jordan  et al., 1984).
Experim ents w ithholding irrigation during the dry (post-rainy) season to 
induce term inal m oisture stress, and soil fumigation to reduce initial inocu­
lum level, showed that both  the physiological stress and fungi reduce yield 
(Anonym ous, 1984), bu t quantification o f  loss due to  each o f these factors is 
difficult. T heir effects often occur together in the field since the causal fungi 
are abundant in  the soil under dry conditions. The yield loss is likely to be 
m ore severe under conditions favoring high potential grain-yield, such as use 
o f high rates o f fertilizer or p lant population densities, and  high-yielding cul- 
tivars (Anonym ous, 1980; Frederiksen, 1982; Henzell et al., 1984). There­
fore it is im portan t to  understand how best to  manage the crop within the 
available resources, by optim izing both potential grain-yield and reduction in 
susceptibility to  the disease. The pathogens tha t cause stalk-rots are ubiqui­
tous. Exclusion o f their inoculum  in the soil is unlikely (Frederiksen, 1986). 
The environm ental stress factors predisposing the crop to  stalk-rots play the 
m ajor role in disease expression. Hence such factors can be used as a means 
o f altering disease levels and as an experim ental technique to  study stalk-rots.
Although the incidence o f root and stalk-rot in sorghum is associated with 
m oisture stress environm ents, the relationships between m oisture stress and 
disease levels, and  grain-yields, are not straightforward. It is generally ac­
knowledged that field-grown plants with large potential sinks (grain) 
undergoing severe stress during grain-filling are m ost predisposed to infec­
tion, implying source/sinlc imbalance as the cause o f root and stalk-rots 
(D odd, 1980). An understanding o f effect o f tim ing and  severity o f water 
stress on the net balance between assim ilate supply and dem and for grain-fill, 
and  disease level, is needed. This is expected to  increase the precision and
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reliability o f screening for stalk-rot resistance, and may lead to crop manage­
m ent strategies for increasing both grain-yields and stalk-rot resistance.
The objectives o f this study were:
1) to  quantify the effect of w ater supply to dry-season sorghum crops on 
grain yield, crop growth and source/sink  balance;
2) to  investigate the vulnerability to  stalk-rot o f plants in which source/ 
sink relationships were altered at different stages o f crop growth as a result of 
pattern  o f  m oisture stress; and
3) to discuss strategies for crop m anagem ent and stalk-rot-resistance 
screening based on the literature and our results.
M A T E R IA L S  A N D  M E T H O D S
Field lay-out and treatments
The data were collected from three experim ents conducted with an overall 
objective o f studying crop growth and water use during the post-rainy seasons 
o f 1978-1981 at the ICRISAT Center, Patancheru, India. Coordinated 
Sorghum H ybrid 8R (CSH 8R ) was grown on Alfisols at a high plant density 
(18 plants m - 2 ) in 0.75-m rows with adequate fertilizer (100 kg N, 26 kg P 
ha - 1 ). This hybrid flowers in about 65 days and m atures by about 100 days 
after sowing ( d a s ) .  Carbofuran (40 kg h a _}) was applied at planting to  con­
trol shootfly and stem borer. The plots were hand-weeded twice. The crops 
were disease-free except for the stalk-rots. Levels o f plant w ater stress were 
developed during desired stages o f crop growth by withholding irrigations, as 
described below.
Experiment I (Expt. I)
In this experim ent, the soil m oisture was varied using a line source (LS) 
sprinkler irrigation system (H anks et al., 1976). The field lay-out was similar 
to  tha t described by Seetharam a et al. (1987). The crop was sown on 1 N o­
vem ber 1978 in a 130-cm-deep Alfisol with 90 m m  o f plant-available soil 
m oisture ( a s m ) .  The 30-m-long m ain plots consisted o fte n  1.2-m-wide raised 
(b road) beds separated by 0.3-m furrows parallel to the LS. Two rows of 
sorghum were grown on a bed at a 0.75-m row spacing. Each broadbed was 
used as an observational un it for p lant m easurem ents.
Flowering in different treatm ents occurred between 65 and 75 d a s .  Begin­
ning at 39 d a s ,  com binations o f  a single line source (to  create a m oisture 
g rad ien t), uniform  irrigation (U I; applied through perforated pipes placed 
ju st above canopy height), and no irrigation (N I; uniform  m oisture stress) 
were used to  create four patterns o f w ater application (treatm en ts), as listed 
in Table 1. There were two replications.
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TABLE 1
D escription o f  irrigation treatm ents' in Experim ent I
T reatm ents C ode Irrigations at ( d a s )
G S2 GS3
39 49  59 69 79 89 99
LS during 
G S2 and GS3
L S/L S LS LS LS LS LS LS LS
LS during  
G S 2 / UI 
during GS3
L S /U I LS LS LS UI UI UI UI
NI during 
GS2; LS 
during GS3
N I/L S NI NI NI LS LS LS LS
UI in GS2: 
LS in GS3
U I/L S UI U I UI LS LS LS LS
‘Crops in all treatm ents were uniform ly irrigated thrice until 39 days (b e g in n in g o fG S 2 ) after sow ing  
( d a s ). A dequately irrigated plants flowered at 69 d a s  and m atured at 110 d a s . LS =  line-source irri­
gation: U I= u n ifo r m  irrigation; NI =  N o  irrigation. G S2, and GS3: periods from panicle in itiation to 
flowering, and flowering to physiological m aturity, respectively.
Treatm ents LS/LS and L S /U I were subjected to  an identical gradient of 
stress (across the different beds) during the panicle-developm ent stage 
(growth stage 2; G S2), but differed in the stress experienced during GS3 
(Eastin, 1971). Similarly, treatm ents N I/L S  and U I/L S  experienced a gra­
dient o f stress during GS3, but differed in water received during GS2. Each 
irrigation supplied w ater equivalent to about 70% o f the cum ulative class-A 
pan evaporation rates (m m ) during the preceding period. As a result, even in 
Bed 1 (nearest to  the LS), some mild stress resulted. This m ild stress varied 
between the four treatm ents because o f variations in irrigation treatm ents 
and crop w ater requirem ents at different stages.
Experiment II (E.xpt. II)
A crop was sown on 24 January 1980 on 160-cm-deep Alfisol ( a s m ,  120 
m m ). It received uniform  furrow irrigation at sowing, and at 5,15 and 25 d a s  
(each irrigation nearly recharging the profile w ater content fully). At 35 d a s ,  
four irrigation treatm ents were im posed as shown in Table 2. Each plot, 20 m 
long, consisted o f  16 rows. There were two replications.
Experiment III (Expt. Ill)
This experim ent was sown on 24 O ctober 1981 on a m edium -deep Alfisol 
( a s m ,  85 m m ). Five irrigation treatm ents (Table 3) were created by with-
t a b l e :
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D escription o firr iga lion  treatm ents in Experim ent II
Treatm ents C ode
name
D escription
Control C O N Irrigated at 35. 48. 6 i .  and 74 d a s
Late-season (G S 3 ) LTS Irrigated at 35 and 48 d a s . then stressed till maturity
stress
M id-season (G S 2 ) MSS Irrigated at 61 and 74 d a s
stress ( stress betw een 35 and 61 d a s  )
M id-, and late season M&LS N o irrigation beyond 25 d a s
(G S2  & G S3) stress (grow n on stored so il m oisture )
TABLE 3
Irrigation schedule and the period o f  w ater stress in various treatm ents in Expt. Ill
Irrigation Growth stage Stage1 L3ASr  T reatm ents3
N o.
M 0 M l M2 M3 M4
1. Sowing 0 0 + + + + +
-> 5-leaf stage i 13 + - + + +
3. Panicle in itiation
(P I)
3 27 + — — + +
4. 9 dav after PI 3 37 + + - + -
5. FinaM eaf visib le  
stage (approx. 50 
d a s  )
4 46 + + +
6. A nthesis (50%  
flow ering)
6 70 + + + — +
7. Soft dough 
Period o f  stress:
7 86 +
Control
+
late
seedling
stage
+
3 -6 6 -9 3-5& 7
'Vanderlip (1 9 7 2 )  stages are: 1 -3  o f  Vanderlip’s stage corresponds to GS1 o f  Eastin (1 9 7 1 );  4 -6  to 
G S2; and 6 - 9  to G s3.
: D.-vs. D ays after sow ing (irrigation t im e ) .
-1 + ,  irrigated; - ,  irrigated w ithheld . T h e crop was sow n on  24  O ctober 1981.
holding irrigation at different stages o f crop growth. Each plot, 20 m  long, 
consisted o f 20 rows. There were three replications.
Collection o f  data
Soil moisture
In Expts. I and II, soil m oisture was m easured using a neutron probe, except
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in the top 22.5-cm layer, where m oisture was determ ined gravimetrically. In 
Expt. I, sets o f three access tubes were placed at each of four points along the 
irrigation gradient in each replication. In Expt. II there were six tubes in each 
plot. In Expt. I ll  soil m oisture was determ ined gravimetrically.
The soil m oisture was m easured im m ediately before and after each irriga­
tion in all experiments. Soil m oisture content before irrigation and the class- 
A pan evaporation rates for the (1-2 -d a y ) period between the two measure­
m ents were used to  calculate the am ount o f irrigation w ater required.
Crop growth and development
Growth stages as defined by Vanderlip (1972) were recorded regularly in 
all experiments. These were translated to  growth stages as defined by Eastin 
(1971) for sim plicity o f presentation. Eastin growth stage 1 (G S1) corre­
sponds to  Vanderlip stages 1-3, GS2 to  stages 4 -6 , and GS3 to  stages 6-9. 
Yield and yield com ponents were determ ined at harvest using large plots of 9 
(Expts, I and II) or 18 n r  (Expt. III).
Growth analysis and yield estimation
Leaf area and  dry-weights were determ ined at about 10-day intervals in all 
experiments. All plants in a 1.2-m2 area were cut at ground level and sepa­
rated into green leaves, dead leaves, culm and panicles. Green-leaf area was 
determ ined by a LI-COR 3100 (LI-COR Inc., Lincoln, NE, USA) leaf-area 
meter. Samples were dried in a forced-air oven at 70°C  for 48 h before 
weighing.
L eaf water-potential
Leaf water-potential (y^) was m easured as described by Seetharam a et al. 
(1987).
Root studies
Roots were sam pled on four dates after the boot stage in Expts. I and II. 
For each treatm ent, soil cores were taken a t intervals o f 10 cm down to 70 
cm. Two cores were taken in the centre o f each row, and two more were taken 
exactly between the rows (37.5 cm from row s). Few roots were detected at 
depth > 7 0  cm. After washing the cores, the length o f roots was m easured 
using the line-interception m ethod (Newm an, 1976). Dry-weights o f roots 
were determ ined after drying at 80°C  for 24 h.
M onitoring stalk-rot incidence
At physiological m aturity, ten  plants from a 74-cm row length (subsam ­
ples) were m onitored for soft stalks by the m ethod o f Rao et al. (1980) in 
Expt. I. Three subsamples per plot were used in the o ther experiments. In 
Expt. I ll, disease was assessed soon after physiological m aturity  (110 days),
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an d  a t 117 an d  124 das, to  investigate the  d ifferences in the  rates o f  disease 
d eve lopm en t betw een  physiological m atu rity  an d  harvest.
The incidence o f stalk-rot was expressed as the percentage of plants af­
fected, i.e., those with soft stalks (R ao et al., 1980). As the natural incidence 
o f stalk-rot was expected to be adequate, no artificial inoculation was under­
taken (Seetharam a et al., 1987). Macrophomina phaseolina (Tassi) Gold, 
was identified as the causal pathogen based on the symptom s observed on 
vertically split stems in random ly selected plots in all experiments. For the 
sake o f  brevity, the levels o f  stress or plant growth param eters are m entioned 
in a few cases only to indicate the relative effect o f different stress treatm ents. 
D etailed data on crop growth, root profiles and p lant w ater status will be pub­
lished elsewhere.
R E S U L T S
Ex'pt. I
As expected, there was a linear decrease in soil m oisture availability during 
the LS irrigation period as the distance from the LS sprinkler line increased 
in all four LS irrigation treatm ents (P < 0 .0 0 1 ), resulting in linear decline in 
grain yield (Fig. 1A). The grain-yield response o f the LS/LS, L S /U I and U I/ 
LS treatm ents to  decreasing am ount of w ater supplied through the LS was 
sim ilar. A /-test showed no significant differences (P < 0 .0 5 )  between the in­
tercepts o f  these three regression lines. Similarly, the slopes o f  these three 
regressions did  not differ significantly.
T reatm ent L S /U I had no effect on stalk-rot incidence (m ean o f 30% ), as 
there was no w ater stress during GS3. In the LS /L S  and N I/L S  treatm ents, 
which received gradient irrigation during GS3, the disease was absent in the 
first few beds adjacent to the LS (Fig. IB ), beyond which it increased rapidly 
with distance, approxim ately 8-10%  for each consecutive bed (5-7%  m " 1) 
away from  the LS.
W hen the irrigation gradient was im posed only during GS3, as in U I/L S , 
the disease incidence was greater in all beds in this treatm ent than  those in 
others (Fig. IB ). Even in the first bed, the incidence was about 55%, ap­
proaching 100% at the far end. As this treatm ent was regularly irrigated until 
flowering, both the panicle (sink) size and the leaf area were m axim um  (L  
o f  3.2; Table 4 ) . As a consequence, the plants suffered from greater water 
stress than  those in o ther treatm ents, especially at the end o f the irrigation 
gradient (leaf-water potential o f —2.31 M Pa; Table 4 ). The root system in 
U I/L S  was also shallower than in N I/L S  (Fig. 2) and  less soil m oisture was 
extracted from  the lower layers.
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D i s lo n c e  from L S  I m)
Fig. 1. Expt. I: R e la tio n sh ip s  b etw een  d ista n ce  from  the lin e  sou rce  (d e c r e a se  in w ater su p p ly )  
and  A )  g ra in -y ie ld , an d  B ) in c id en ce  o f  sta lk -rot in d ifferen t trea tm en ts. S ig n ifica n ce  o f l in e a r  
regressions: *, / ’< 0 .0 5 ;  ***, / J< 0 .0 0 5 ;  n .s.. n o t s ign ifican t.
Expt. II
D ry-m atter and grain-yields, and grain num ber m “ 2 were highest in the 
irrigated control treatm ent (CON; Table 5 ). W ithholding irrigations later in 
the season ( L T S) reduced yields m ore than doing so before flowering ( M SS). 
The treatm ent M&LS yielded least.
There were significant differences in stalk-rot incidence (Table 5 ), m id­
season stress (M SS) giving the least (10% ). Even the control treatm ent had 
68% incidence, since the last irrigation was given at 74 d a s ,  16 days before 
physiological m aturity. Thus plants undergoing this treatm ent were vulnera-
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TABLE 4
M idday leaf-watcr potential (y/,) and leaf-area index ( I )  at the extrem e ends o f  LS treatm ents N I /  
LS and U I /L S  in Expt. 1
Treatm ent y/,‘ (M P a) L
Bed 1 Bed 10 M ean Bed 1 Bed 10 Mean
N I/L S
U I/L S
- 1 .5 8
- 1 .6 5
O 
rn 
ri 
ri 
' ' - 1 .8 0- 1 .9 8 1.963.20 1.541.40 1.752.3
LSDo.()5 for bed N o.
for irrigation  
treatm ent - 2 .1
- 0 .3 1 1.
0.73
1
Leaf-area daia for 94 d a s , approxim ately 10  days before physiological m aturity at 105 d a s . 
1 y/| w as m easured at 0 1 :30 h, on  six  dates betw een 94 and 105 d a s .
ble at the very end of GS3. Plants in MSS had less disease than  those in CON 
a n d  their leaf area and sink strength (seed num ber) were both reduced by 
early stress (Table 5).
The capacity o f dry-m atter production during GS3 to  m eet the sink (grain 
grow th ) dem and can be represented by the distribution index ( d i  ) , .the ratio 
o f grain-yield to  dry-m atter produced during GS3. It was less than 1.0 only 
for the MSS crop. There were negative relationships between dry-m atter pro­
duction during the later weeks in GS3 and stalk-rot incidence (Table 6 ). The 
correlation between dry-m atter produced during GS3, and disease, was also 
negative (>'= — 0.546; d f = 6 ) .  There were no significant correlations be­
tween stalk-rot and grain- or dry-m atter vields or their com ponents (Table
7).
Disease incidence did  not follow the soil m oisture extraction patterns. At 
harvest, plots o f MSS, followed by those of CON, contained more water in 
the soil profile than  the o ther two treatm ents ( Fig. 3 ). Soil m oisture profiles 
in M&LS (which missed the last four irrigations) were drier than  in LTS 
(m issing only the last two; Fig. 3 ). At m aturity, there were no significant 
differences among treatm ents in the soil m oisture content o f the top 0.5 m. 
There was significant loss of soil m oisture in MSS and CON plots between 73 
and  82 d a s .  E vapotranspiration between 82 and 87 d a s  was low in all trea t­
m ents as both the leaf area, and therefore the crop dem and for water, were 
low during this period ju st before m aturity.
Expt. I l l
W ithholding irrigations reduced both grain and biomass yields in all treat­
m ents (Fig. 4A ). G reater reductions were recorded for treatm ents missing 
irrigations during GS3 (M 3 and M 4) than during GS2 (M l and M 2). Though
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A  : N I / L S
Roo t  d e n s i t y  ( c n  ctn '^)
0 0 . 5  1 . 0
S o i l  m o i s t u r e  i n  t h e  p r o f i l e  (urn)
Fig. 2. Expt. I: R o o l d en sity  (h is to g r a m ) d istr ib u tio n  and  m easu red  so il w ater-con ten t 6 .7 5  m  
aw ay from  th e LS at 85 d ays a fter  so w in g  ( d a s ) .  A )  trea tm en t N I /L S ;  B ) trea tm en t U I /L S .  
T h e  bars rep resen t ro o t d en sity , the  so lid  lin es d e n o te  v o lu m e tr ic  w ater  c o n ten t m easu red  a l 85  
d a s , an d  b rok en  lin es, low er l im it  o f  p lan t a v a ila b le  w ater  in  the  so il p rofile .
the  harvest index  ( h i ) ranged  from  45 to  50%, the  d ifferences were no t sig­
n ifican t (P < 0 .0 5 ) .
Stalk ro t m easured at the end o f the season (124 d a s ) depended on the 
stress conditions during the later part o f the life-cycle (Fig. 4B). T reatm ent 
M3, which experienced term inal stress for the longest tim e (Table 3 ), had the 
highest incidence, followed by M4. In MO (con tro l), M l and M2 the final 
irrigation was applied at the soft-dough stage, which might have imposed some 
term inal stress during the later part o f GS3, and plants in these treatm ents
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TABLE 5
Effect o f  different Irrigation treatm ents on agronom ic trails and incidence o f  stalk-rot in sorghum  
(E xpt. II)
Irrigation
treatment
Total dry-
m atter
{ t h a - ' l
G rain- 
yield  
(t h a - 1)
Seeds
m ” ’
Seed size  
(m g )
Stalk-
rot
(%)
L  at
flowering
CON 7.43 2.71 10179 26.6 68 2.72
LTS 5.83 1.25 5046 24.8 72 2.17
MSS 7.32 2.50 8432 29.8 10 2.24
M&LS 4.03 0.84 5613 15.0 43 1.92
LSD„„5 1.30 0.46 2697 6.5 25 0.93
TABLE 6
C orrelation coeffic ients (r) betw een dry-m atter produced during each o f  first four weeks after flow ­
ering and the severity o f  stalk-rot at m aturity ( Expt. II)
Week
1 0 .350
2 0 .158
1 + 2  0.311
3 - 0 .7 7 4
4  - 0 .8 2 9
3 +  4 - 0 .8 4 8
1 + 2  +  3 + 4  - 0 .5 4 6
TABLE 7
S im ple correlation coeffic ien ts3 betw een stalk-rot incidence or grain-yield, and growth and yield attri­
butes in Expts. II and III
Stalk-rot G rain-yield
Expt. II Expt. I ll Expt. II Expt. Ill
G rain weight - 0 .2 7 3 - 0 .2 8 1 1.000 1.000
T otal dry-wcight at - 0 .1 6 0 - 0 .2 9 5 0.931*** 0.990***
harvest
H arvest index ( h i ) - 0 .3 3 6 - 0 .3 1 3 0.966*** - 0 .4 7 7
Dry m atter produced 0 .450 0.445 0.546 0 .524
before flowering
after flowering - 0 .6 0 1 — 0 .567  + 0.718* 0.893***
D istribution  index 0 .550 0.856** - 0 .3 7 4 - 0 .5 0 4
Seed num ber m -2 - 0 .2 1 5 - 0 .0 7 0 0.924** 0.868***
Seed size - 0 .2 1 3 — 0 .465  + 0.789* 0 .176
a +  , P < 0 .1 0 ;  * P < 0 .0 5 ;  ** P < 0 .0 1 ;  h= 8 in Expt. II; ; i= 1 5  in Expt. III.
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Volumetric water content (cm'3 cm"3 x 100)
15 20 25 30 15 20 25 30
i_____________i____________i_____________I i_________ _ _ i___________ i________
c.
Fig. 3. E xpt. II: S o il m o istu r e  p ro file  u n d er vario u s irrigation  trea tm en ts im m ed ia te ly  a fter the  
last irr iga tion  in C O N  an d  M SS (7 3  d a s ) ,  an d  tw ice  therea fter  at 82  an d  87 d a s . T h e last 
m ea su rem en t w as m a d e  im m e d ia te ly  a lter  h arv est. N o te  th e  d ifferen ce  in  sca le  for  v o lu m e tr ic  
w ater  c o n ten t in  the  ranges 0 -1 5 %  an d  15-40% . T h e  m ea n  u p p er lim it  o f  w ater-h o ld in g  cap ac­
ity  o f  th e  p ro file  is  sh o w n  in  th e  lo w er  left-h an d  sid e .
showed some incidence o f stalk-rot. O f these, M l and M2 crops had smaller 
sinks (late GS1 or GS2 stress), and lower yields and stalk-rot incidence than 
the M 0 crop.
The in teraction between irrigation treatm ent and the tim e o f disease occur­
rence was significant ( / ,< 0 .0 5 ), indicating differences in disease spread be-
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I r r i g a t i o n  t r e a t i n e n t s
Fig. 4 . E xpt. I ll:  E ffcc i o f  fiv e  irr iga tion  trea tm en ts im p o se d  at d ifferen t grow th  stages on  A )  
grain  and  to ta l d ry -m atter  y ie ld s  ( th e  n u m b er w ith in  each  u n sh a d ed  bar rep resen ts h arvest in­
d ex  in percentage L S D  ( 0 .0 5 )  for grain  an d  d ry -m atter  are 0 .3  an d  0 .5  re sp e c t iv e ly )  and  B )  
sta lk -rot in c id e n c e  at three stages ( d a s ) ;  l s d  0 .0 5  for co m p a r in g  irrigation  trea tm en ts is  4.
tween treatm ents soon after physiological m aturity. In M3, the disease devel­
oped rapidly before 110 d a s ,  while others showed significant increases only 
at 117 d a s .  The further increase in  disease after 117 d a s  was significant only 
for M 0 (con tro l) and M 1, which underw ent the least am ount o f stress during
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their Iife-cycles. Treatm ents MO and M l showed significant increase in dis­
ease only at the later stages around maturity.
In M3, GS3 lasted only for 36 days (40 days in all o ther treatm ents), and 
thus the earlier term ination o f dem and for assimilates, and probably reduced 
com petition between the fewer rem aining disease-free plants for water, would 
have prevented further disease developm ent at 117 or 124 das ( Fig. 4B ). The 
relationships between stalk-rot and various com ponents o f  yield in Expt. Ill 
were sim ilar to  those in Expt. II, except that the correlation with DI was 
stronger (Table 7).
D IS C U S S IO N
Effects o f  water stress on grain-yield and disease incidence
Although both grain-yield and incidence o f stalk-rot are affected by plant 
and soil w ater stress, their responses to m oisture stress at different stages were 
quite dissimilar. In Expt. I, in both LS/LS and N I/L S , the disease was absent 
near the LS (least m oisture stress) but increased with increasing stress (in ­
creasing distance from the LS). The assim ilate supply seemed to be adequate 
to m eet the (grain) sink dem and o f plants near LS, but as the level of stress 
increased continuously (increasing distance from LS) a progressive increase 
in assim ilate shortage and disease incidence occurred (Seetharam a et al., 
1987).
Although the am ount o f w ater applied to  the bed nearest to the LS in U I /  
LS was the same as tha t applied to corresponding beds nearest to LS in the 
o ther treatm ents, the disease incidence was m uch higher (Fig. 1). In U I/L S  
the plants were well irrigated until flowering, and the grain num ber (sink) 
and the leaf area (source) were largest (Table 4 ). The slightest am ount of 
stress during GS3 m ade the plants in this treatm ent m ore vulnerable to  stalk- 
ro t than those in N I/L S . This may be partly due to  less extensive deep-root 
developm ent in U I/L S  than  in N I/L S  (Fig. 2 ), resulting in less-efficient water 
extraction from  the lower layers o f the soil. Additionally, the hi in U I/L S  
(47% at 6.75 m from LS) was higher than  in  L S/LS and N I/L S  (46 and 38%, 
respectively), which may be due to a greater rem obilization o f stem  reserves 
to  fill the larger sink potential established during GS2.
It does not necessarily follow, therefore, tha t stress which reduces grain- 
yield increases stalk-rot incidence. Stress before flowering will result in a 
slightly smaller sink and hence a small reduction in yield, bu t at the same tim e 
significantly decreases the vulnerability to  stalk-rot. In Expt. II, MSS led to 
17% fewer seeds than  CON, bu t in  MSS the seeds were slightly larger (less 
com petition for assimilates am ongst the fewer grains), while disease inci­
dence was also far less. The same relationship held for the lower disease inci­
dence observed in M l and M2 than  in MO in Expt. III.
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TABLE 8
Sim ple linear-regression equations'1 describing the relationship betw een lotal water received during  
crop grow th-period (.V: m m ) and A ) grain-yield. or B ) stalk-rot incidence in Expt. I
A )  G rain-yield  (t ha ') B ) Stalk-rot ('!»)
Io b RSE r Io b RSE r
LS/L S - 0 .2 2 0.017 0 .273 0.991 95 .14 - 0 .2 1 7 10.03 0.932
L S /U I - 1 5 .6 2 0.055 0 .733 0.914 48 .58 - 0 .0 4 8 9.72 0.146
N I/L S - 0 .7 9 0.008 0 .467 0.788 130.02 - 0 .4 5 4 8.20 0.971
U I/L S - 3 .1 6 0.025 0 .332 0.984 140.07 - 0 .1 9 6 13.06 0.739
•Vo. intercept: />, slope: r. Sim ple correlation coefficient; r s e , R esidual standard error; *. **. 0.05.
0 .01 . 0 .001 , respectively.
Though the yield and stalk-rot responses to  applied w ater in the four trea t­
m ents in Expt. I were exactly opposite (rank  correlation o f —1.0), the rates 
o f increase in grain-yield and reduction in disease in response to applied water 
were different. Although it is difficult to com pare the absolute responses (rates 
o f change) as the range o f w ater received differed among treatm ents, grain- 
yield increase ranged from 8 to  55 kg h a - 1 m m '1, com pared to  the decrease 
in stalk-rot from  0.05-0.45%  m m -1 (Table 8 ). Thus, with 350 mm o f water 
application, the predicted grain-yields o f LS/LS and  U I/L S  were nearly the 
same (5 .6 1 h a - 1 ), but the stalk-rot percentages were 19 and 71, respectively. 
Similarly w„ith 350 m m  water, L S /U I and  N I/L S  yielded 3.7 and 2.1 t h a -1 
o f  grain with 32 and 0% stalk-rot, respectively.
Photosynthetic stress and translocation balance
In all three experiments, severe stalk-rot was associated with a relatively 
large sink size (grain-yield) when this was not supported by adequate levels 
o f dry-m atter production during grain-filling.
The sorghum  plant can adjust its seed num ber by either producing fewer 
spikelets per panicle or setting fewer seeds when significant stress develops 
during the respective ontogenetic stages. Should the conditions im prove later 
during grain-filling, part o f the loss in seed num ber can be com pensated for 
by an increase in seed size as in treatm ent MSS o f Expt. II (Table 5). In such 
situations, assimilates stored before seed-set are m ade available from the stem 
reserves; hence the conditions are not congenial for stalk-rot developm ent 
(D odd, 1980). The production o f assimilates during the later part o f GS3 is 
far more im portant than  during earlier stages for lowering disease incidence, 
as indicated by the highly significant correlation between dry-m atter pro­
duced during the 4th week in GS3 and stalk-rot incidence (Table 6).
Stalk-rot was not significantly correlated w ith grain-yield (Table 7 ), but
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TABLE 9
Sim ple linear regressions3 describing the relationships betw een stalk-rot incidence ( } ’) and distribu­
tion index ( p i ; A'in regressions) in Expts. I—III
E xp t/
treatm ent
Regression
Intercept
(« )
equation
Slope
U’ >
RSE Stalk-rot
when
D i=  i.O (%)
Expt. 1
L S/L S - 2 1 .7 25.5 18.0 0.68** 3.8
L S /U I 39.2 - 7 .1 9.7 0 .14" s 32.1
N I/L S 13.4 35.6 24.6 0.70** 22.2
U I/L S 46.6 19.0 17.4 0 .5 0 n-5 65.6
Expt. II - 1 2 .7 47.3 22.5 0.76** 34.6
Expt. Ill - 4 .1 40.6 9.9 0.91** 36.5
“M eans for the two {E xpt. I ) or three (E xpt. I l l )  replications w ere used. 
*. **. /, < 0 .0 5  and 0.01 respectively; n .s.. not significant.
showed an inverse relationship with dry-m atter produced during GS3. A sat­
isfactory linear relationship is found between the ratio o f the above two vari­
ables ( d i ) and stalk-rot incidence (T ab le9 ) in m ost cases. The com puted DI 
in Expt. II was less than 1.0 only for MSS, suggesting that, in all other trea t­
m ents, plants would have suffered from source/sink  imbalance between dry- 
m atter accum ulation in grain and its production during GS3.
The upper range o f d i calculated for severely stressed plots in all experi­
m ents was rather high. For example, a d i o f 2 would indicate tha t 50% o f the 
grain dry-m atter was derived from the pre-flowering assimilates. However, 
norm ally one does not expect rem obilization to exceed 30% in sorghum (See­
tharam a et al., 1982). This anomaly might have arisen for any o f the follow­
ing reasons: a ) severe loss o f dead leaf tissues under stress; b ) sampling errors 
[e.g., before flowering only 1.2 m 2 was harvested, whereas at harvest m aturity 
9-18  m 2 was harvested in the various experim ents for dry-m atter m easure­
m ents, and sampling date d id  not exactly coincide with flowering in some 
plots as flowering occurred earlier under mild stress, than under severe stress ]; 
and c) the stalk-rot spread under severe stress would have reduced stem dry- 
weight considerably.
Correlations between stalk-rot incidence and d i support the photosyn- 
thetic-stress/translocation-balance hypothesis o f D odd (1980). However, it 
is clear from Table 9 that stalk-rot incidence cannot be estim ated by com put­
ing di alone; nor it is possible to  predict any critical di for disease incidence.
Soil moisture, root growth, and stalk-rot
Com parison o f root profiles in N I/L S  and  U I/L S  treatm ents showed that 
the form er had  proportionately a more extensive root system; it was not only
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deeper, but also had greater density in the top layers. However, disease inci­
dence cannot be related to  soil w ater content (o r root extraction) alone, in­
dependently o f source-sink relationships. In Expt. II, treatm ent LTS had more 
stalk-rot than M&LS, although the m oisture deficit was greater in the latter. 
Similarly, MSS and CON had sim ilar am ounts o f water available during later 
parts o f grain filling, but their vulnerability to  stalk-rot was vastly different, 
as described above. C ontinued root growth during GS3 (R ao and Venkatesh- 
warulu, 1974) is expected to  ensure both satisfactory plant w ater-status and 
delayed senescence, by supplying both nutrients and cytokinins and other 
growth regulators to the shoot (Kende, 1965; Itai and Vaadia, 1971). How­
ever, this is possible only when the lower layers have enough soil m oisture 
and nutrients, and the shoot is able to supply photoassim ilates. and possibly 
auxins (Bever and W oolhouse, 1974).
Severe root infection prior to  stem infection has been shown to affect stalk- 
rot and lodging (Rosenow, 1980; Mughogho and Pande, 1984). Earlier drying 
o f the upper layers o f the soil profile, along with the resultant increase in soil 
tem perature, may be conducive to better m ultiplication o f  the fungi below 
ground, and for the fungi to  attack the senescing lower internodes through the 
root system ( Seetharam a et al., 1987). This m ay partly explain the observed 
differences in the tim e of severe stalk-rot incidence between M3 and other 
treatm ents in Expt. I ll  (Fig. 4 ).
Implications for crop management, and stalk-rot-resistance screening
Elucidation o f the biological and physical basis o f disease developm ent in 
crops is essential for establishing effective screening procedures to identify 
resistant cultivars or to  evolve strategies for disease control. I f  the am ount of 
water is lim iting, regulating the w ater use both  before and after flowering will 
help in  balancing transpiration and growth during each period to get the high­
est yield with the least stalk-rot.
Cultural m ethods may be employed to  conserve w ater in the profile for 
later use if  the soil can store sufficient am ounts: e.g., use o f wider row spacing 
( Blum and Naveh, 1976), or lower plant populations (M ughogho and Pande, 
1984), or by choice o f planting date or cultivar such tha t GS3 coincides with 
low atm ospheric dem and for water. If the roots are confined to  the upper 
layers o f soil only, then stalk-rot may develop rapidly under term inal stress. 
Thus, prom oting denser root developm ent in the deeper layers o f soil is im ­
portant. This could be achieved by exposing the plants to  m ild stress during 
the vegetative growth period, w ithout unduly sacrificing yield potential, and 
by ensuring adequate nutrients and  soil physical conditions for root growth.
The wide range in disease incidence w ithin a cultivar under different pa t­
terns and intensities o f stress (e.g. 0-100%  in Expt. I) highlights the difficulty 
in screening cultivars for stalk-rot resistance. However, cultivars with low dis­
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ease susceptibility, showing least degree o f stalk-rot incidence only during the 
later stages o f crop growth, or with a low incidence and no significant reduc­
tion in yield, do exist (Rosenow, 1980). For screening, cultivars should be 
grown under conditions which prom ote form ation o f a large sink (grain num ­
ber per unit land a re a ). After this, required intensities of water stress should 
be imposed, so as to predispose the plants to this disease.
C O N C L U S IO N S
High grain-yields and high disease incidence need not be inversely related. 
Irrigation or rainfall events capable of increasing yield potential o f a crop may 
not be equally effective in suppressing stalk-rot incidence. There seems to be 
greater buffering capacity in plants against yield loss due to w ater stress than 
for stalk-rot susceptibility.
Although stalk-rot incidence is most sensitive to environm ental stress 
around physiological m aturity, events occurring earlier during developm ent 
can influence disease developm ent through their effect on source/sink 
relationships.
Differences exist in rates and tim e o f disease developm ent which are in­
versely related to  the ability o f plants to  produce assimilates during the later 
part of the grain-filling period. As significant levels o f resistance to  root and 
stalk-rots are unlikely because o f the broad and non-specific host range of 
pathogens, m ore research should be directed towards efficient crop manage­
m ent strategy to delay and m inim ize the effect o f rots.
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